We studied the temporal distribution and reproductive biology of marine podonids during two consecutive years off Ubatuba, southeast coast of Brazil. Podonid specimens and their eggs and embryos were counted, measured and classified into categories. Pseudevadne tergestina was the most abundant species, and was more abundant in surface layers, in warm seasons, when the water column was stratified because of bottom intrusions of the cold and nutrient-rich South Atlantic Central Water (SACW) onto the inner shelf. Evadne spinifera had a similar temporal and vertical distribution, but with lower abundance and frequency. Pleopis schmackeri did not show a clear seasonal distribution, but preferred bottom layers. Pleopis polyphemoides and Podon intermedius occurred in low abundances, and only under SACW influence. Parthenogenetic females were dominant among all podonid species. Gamogenetic females of P. polyphemoides and P. intermedius were observed, but males of neither species occurred. This suggests that in tropical and subtropical regions, P. tergestina, E. spinifera and P. schmackeri reproduce through parthenogenesis during most of the year.
. At certain times, cladocerans may be the dominant group of coastal mesoplankton, surpassing copepods in number (Bosch and Taylor, 1973) . Thus, marine cladocerans are an essential link between phytoplankton and higher trophic levels (Marazzo and Valentin, 2003, 2004a) , including several species of commercial fish (Nip et al., 2003; Capitanio et al., 2005; Morote et al., 2008) .
As is the case with freshwater species, marine cladocerans alternate between gamogenetic (sexual) and parthenogenetic (asexual) reproduction (Egloff et al., 1997) . The latter occurs during most of the cladoceran life cycle. However, during unfavorable periods, cladocerans switch their reproductive mode to gamogenesis; males appear and females produce resting eggs (Egloff et al., 1997) . The transition from asexual to sexual reproduction is triggered by temperature, food quantity and quality and photoperiod (Marazzo and Valentin, 2003, 2004a; Gyllström and Hansson, 2004; Atienza et al., 2008) . The marine podonid reproductive cycle is accelerated by paedogenesis, in which developing embryos inside the maternal brood chamber already carry their own embryos (Egloff et al., 1997) . Moreover, in certain podonids, more than one brood with different ages may be found simultaneously (Ramirez and Perez Seijas, 1985; Resgalla and Montú, 1993) . These mechanisms, combined with short development times, lead to high population growth rates (Egloff et al., 1997) .
Because of their high abundances and wide distribution in both coastal and oceanic areas, marine podonids play an important role in the pelagic food web Llopiz and Cowen, 2008; Morote et al., 2008) . However, few studies have described their population dynamics and reproductive traits in subtropical and tropical regions, especially in the South Atlantic (Onbé, 1999) . There, reports focusing on marine podonid ecology have mainly dealt with Guanabara Bay in southeast Brazil (Marazzo and Valentin, 2000 , 2001a , b, 2003 , 2004a Valentin et al., 2003) .
Here, we report on the population dynamics and biology of marine podonids, as a contribution to understanding the main factors that control their temporal distribution and reproductive traits in a subtropical coastal area.
M E T H O D Study area
The continental shelf off Ubatuba, state of São Paulo ( Fig. 1) is located in the South Brazil Bight, which lies between Cabo Frio (238S) and Cabo de Santa Marta (28840 0 S) on the southern coast of Brazil. Two water masses may occur in this region. Coastal Water (CW) results from mixing of continental water and shelf water; it is recognized by lower salinities (,35) and temperature ranging between 218C and 278C throughout the year (Castro et al., 2006) . The South Atlantic Central Water (SACW) is cold and nutrient-rich with temperatures and salinities below 208C and 36.4, respectively; it is transported southward by the lower layer of the Brazil Current (200 -500 m) along the shelf break (Castro and Miranda, 1998) . SACW penetrates toward the coast near the bottom layer, as a consequence of prevailing northeast winds, which are more frequent during late spring and summer (Castro and Miranda, 1998) . SACW bottom intrusion is the main factor influencing zooplankton production (Miyashita et al., 2009 ) and fish recruitment (Matsuura et al., 1992; Katsuragawa et al., 1993) in the study area.
Sampling and laboratory analyses
Zooplankton sampling was carried out monthly, from January 2007 through December 2008, at a fixed neritic station (23836 0 S, 44858 0 W) located on the 40 m isobath and 12 nautical miles off Ubatuba (Fig. 1) . We collected samples by vertical hauls of a 200 mm mesh Nansen net with a mouth area of 0.2 m 2 , from 1 to 2 m above the seabed to the bottom of the thermocline or the mid-depth, and from this point to the surface. In some months, a third sample covering the thermocline itself was collected. Samples were immediately preserved in 4% buffered formalin. Temperature and salinity data were obtained by vertical CTD casts. Water was collected at five depths (0, 5, 10, 25 and 38 m) with Niskin bottles, and 296 mL was filtered through Whatman-GF/F filters for chlorophyll a (Chl a) analysis by fluorometry (Welschmeyer, 1994) .
All podonids in the sample (except in June 2008, when either 1/2 or 1/4 of the total sample was analyzed) were identified, counted and classified into nonreproducing females, parthenogenetic females (carrying embryos), gamogenetic females (with resting eggs) and males. Embryonic development was further categorized into four stages, based on easily distinguished external morphological features (Platt, 1977) , as applied elsewhere (Wong et al., 2004) . Stage 1 starts with the appearance of ellipsoidal parthenogenetic eggs; at the end of this stage, the head and the second antennae are visible; stage 2 begins with the appearance of the first antennae, antenna 2 starts to bifurcate and at least the first thoracic somite is observable; stage 3 corresponds to embryos with the second antennae fully developed, and all the thoracic somites are noticeable; stage 4 represents embryos similar to adults, with carapace, thoracic appendages, and eye fully developed.
Body length [from the head to the end of the caudal spine (Onbé, 1999) ] of all specimens was measured using the ZoopBiom software and digitizing system (Roff and Hopcroft, 1986) . For each sample, resting eggs and embryos from at least 60 randomly sorted females per embryonic stage were carefully dissected and counted, and the total length of the resting eggs and of one embryo per female were measured.
Podonid abundance, brood size, body length, temperature, salinity and Chl a concentration were log(x þ 1)-transformed and then correlated through the Spearman's rank correlation (r s ).
R E S U LT S Hydrography and Chl a
Two water masses occurred in the study region: CW and SACW. CW dominated the entire water column during late autumn and winter, from May through August 2007, and from May through September 2008 (Fig. 2) were observed in seasons dominated by CW (Fig. 2) . During stratified periods, Chl a concentration ranged from 0.3 to 1.2 mg m 23 in the upper layer (0-10 m, except for October 2008), and was higher in the bottom (Fig. 2) .
Temporal variability and reproductive biology
We found five podonid species during the 2-year sampling off Ubatuba: Pseudevadne tergestina, Evadne spinifera, Pleopis schmackeri, Pleopis polyphemoides, and Podon intermedius.
Pseudevadne tergestina was the most abundant and frequent species. It occurred mainly above the thermocline, over a wide temperature range (Table I) and during the entire study period (Fig. 3) . Evadne spinifera had a similar temporal and vertical distribution (Fig. 4) ; however, it was less abundant and less frequent than P. tergestina. We observed a negative correlation between abundance and salinity for both species (Table II) .
One parthenogenetic female of E. spinifera with a morphological abnormality was found in February 2008 (Fig. 5) . This specimen had a normal body length (592 mm) compared with the range found in this study (Table I ), but its terminal spine was approximately four times longer (417 mm) than in normal individuals (mean + SD ¼ 109 + 5 mm, n ¼ 19).
Pleopis schmackeri occurred throughout the study period (except June 2007 and February 2008) in low abundances, and preferred bottom layers (.20 m), as depicted by two abundance peaks in April and June 2008 (Fig. 6) . No seasonal trend in abundance was observed, nor were there correlations between abundance and temperature, or between abundance and Chl a for this species (Table II) .
Pleopis polyphemoides occurred in only three months (March 2007, November and December 2008) under SACW influence, but in low abundance (Fig. 7) . Podon intermedius was observed from late spring to late summer (November through March, except in February and November 2008), also associated with SACW bottom intrusions (Fig. 7) .
Parthenogenetic females carrying early stage embryos (stages 1 and 2) were dominant among all podonid species, whereas parthenogenetic females with stage 4 embryos were rare or absent. Paedogenesis was observed only in females bearing stage 4 embryos. Gamogenetic females of P. polyphemoides and P. intermedius were observed carrying one resting egg, in only 1 month, when they comprised 4.5% and 3.1% of each population, respectively. No males of any species occurred. Gamogenetic females were larger than parthenogenetic and non-reproducing females.
The monthly mean body length and brood size of podonids varied widely, but no clear seasonal pattern was observed for either parameter. However, for E. spinifera, the highest fecundity and a small mean body length occurred during an abundance peak (October 2007, Fig. 4 ). For P. tergestina and P. schmackeri, low means of brood size and body length were associated with abundance maxima (Figs 3 and 6) .
Brood size usually decreased in parthenogenetic females bearing late-stage embryos (Table III) . A slight relationship (Fig. 8) between brood size and body length was observed for all species (P , 0.001, r s ¼ 0.09, n ¼ 1,815, for P. tergestina; P , 0.0001, r s ¼ 0.14, n ¼ 751, for E. spinifera; P , 0.0001, r s ¼ 20.16, n ¼ 1,285, for P. schmackeri; P . 0.5, r s ¼ 0.04, n ¼ 101, for P. polyphemoides; P ¼ 1.0, r s ¼ 20.16, n ¼ 242, for P. intermedius). Pleopis schmackeri and P. intermedius were the only species having two broods of different ages simultaneously (Table III) . The second brood generally occurred in females carrying embryos of the first brood in late stages (stage 3 or 4). 
D I S C U S S I O N Community structure and population dynamics
In temperate regions, the podonid life cycle usually starts in spring (Eriksson, 1974; Platt, 1977; Yoo and Kim, 1987; Onbé and Ikeda, 1995) through hatching of resting embryos (Egloff et al., 1997) . High abundances are achieved rapidly because of rapid embryonic development, combined with parthenogenetic reproduction accelerated by paedogenesis (Egloff et al., 1997) . Gamogenetic specimens generally occur during or after abundance peaks (Onbé, 1977; Marazzo and Valentin, 2004a) ; following resting egg production, the population usually disappears from the pelagic environment and returns only in the next warm season (Egloff et al., 1997; Marazzo and Valentin, 2004b) . Conversely, in subtropical and tropical areas, podonids may occur throughout the year (Tang et al., 1995; Marazzo and Valentin, 2001a) , as reported here. Among the seven described podonid species (Onbé, 1977) , only Evadne nordmanni and Podon leuckarti were not found in this study. These species are typical of cold waters (Onbé, 1999) , where they are commonly found (Gieskes, 1971; Eriksson, 1974; Platt, 1977; Viñas et al., 2007) . Podon leuckarti has not been recorded off Brazil, whereas E. nordmanni may occur seasonally off the southern coast (Resgalla and Montú, 1993) . In the Southwest Atlantic, these species are usually limited to temperate areas off Argentina (Ramirez and Perez Seijas, 1985; Viñas et al., 2007) .
Podon intermedius is a cold-water species, but is more tolerant of warmer waters than its congener P. leuckarti (Eriksson, 1974; Ramirez and Perez Seijas, 1985) , which may explain its occurrence off Ubatuba. In the present study, P. intermedius occurred in a wide temperature range (15-268C), always associated with SACW bottom intrusions, as previously observed in a nearby coastal area (Rocha, 1982) .
Pleopis polyphemoides is an eurythermal and euryhaline species frequently associated with estuarine waters (Bosch and Taylor, 1973; Onbé, 1999) , as observed off Argentina (Viñas et al., 2007) and southern Brazil (Resgalla and Montú, 1993; Marazzo and Valentin, 2003; Valentin et al., 2003) and is also found in the Baltic Sea (Põllupüü et al., 2010) . Thus, the absence of estuarine influence in our study area may explain the low abundances and frequency observed for this species. In temperate coastal areas, P. polyphemoides (Bosch and Taylor, 1973; Yoo and Kim, 1987) ].
The warm-water species P. tergestina, E. spinifera and P. schmackeri were the most abundant and frequently collected podonids off Ubatuba, as reported in other subtropical areas (Rocha, 1982; Tang et al., 1995; Marazzo and Valentin, 2000) . Pleopis schmackeri and E. spinifera are considered stenothermal and stenohaline oceanic species, with a preference for high-temperature and high-salinity waters (Gieskes, 1971; Onbé, 1983 Onbé, , 1999 Kim and Onbé, 1989a, b; Resgalla and Montú, 1993) , whereas P. tergestina is eurythermal (Rocha, 1982; Tang et al., 1995) , occurring mainly in coastal warm waters (Onbé, 1999) . In the present study, the three species were found within a wide temperature range (15 -288C), as observed elsewhere [P. tergestina: 10-288C (Yoo and Kim, 1987) ; E. spinifera: 19-298C (Della Croce and Venugopal, 1972); P. schmackeri: 17-298C (Tang et al. 1995) ]. Off Ubatuba, P. tergestina and E. spinifera were more abundant in surface layers during stratified periods, whereas P. schmackeri did not show a clear seasonal pattern. The latter species was previously recorded in a few estuarine and coastal sites in the South Atlantic (Rocha, 1985; Resgalla and Montú, 1993; Lopes et al., 1998; Marazzo, 2002) , being treated as a rare component of cladoceran assemblages in this ocean basin (Onbé, 1999) . This view should be reconsidered, in light of our results. We collected our samples only during daytime; hence, the preference for upper layers indicated by P. tergestina and E. spinifera may result from their reverse diel vertical migration pattern (Mullin and Onbé, 1992; Onbé and Ikeda, 1995) . These cladocerans occur in upper layers during the day because they are visual predators (Onbé and Ikeda, 1995; Wong et al., 2008) . To decrease their own predation risk, podonids have two major adaptations: a quite transparent body (Onbé and Ikeda, 1995) and a diel cycle of reproduction (Wong et al., 2008) . Podonids avoid carrying advanced embryos during daytime (Bryan, 1979; Mullin and Onbé, 1992; Marazzo and Valentin, 2001b; Wong et al., 2004 Wong et al., , 2008 , as observed in the present study, because late embryos have eye pigment, rendering the female more vulnerable to larger visual predators (Marazzo and Valentin, 2001b; Wong et al., 2004) . The degree of water-column stratification is an important variable influencing cladoceran population dynamics (Atienza et al., 2008; Miyashita et al., 2010) . In our study, P. tergestina and E. spinifera were more abundant when stratified conditions prevailed, as also reported in Toyama Bay, Japan (Onbé and Ikeda, 1995) . This finding may be related to hydrodynamic conditions provided by water-column stability. Some investigators have suggested that podonids are not effective in capturing motile prey (Kim et al., 1989; Katechakis and Stibor, 2004) because of their weak swimming capacity (Jagger et al., 1988) . Therefore, a more stable water column may enhance their feeding capability and increase predator avoidance.
Predation pressure has been suggested as a major influence on podonid population dynamics (Tang et al., 1995) . In Guanabara Bay, chaetognaths were responsible for the collapse of a P. polyphemoides population , and together with polychaetes were the main predators of P. tergestina (Marazzo and Valentin, 2004a) ; chaetognaths are also important cladoceran predators off Ubatuba, especially in summer (Liang and Vega-Pérez, 1995) . Cladocerans are important components in the diet of planktivorous fish in several locations, including Tolo Harbor, Hong Kong (Nip et al., 2003) , Paranaguá Bay, southern Brazil (Contente et al., in press) and the Straits of Florida (Llopiz and Cowen, 2008) . The continental shelf off Ubatuba is a spawning ground for several fish species (Katsuragawa et al., 1993) , including many commercial species such as the Southwest Atlantic anchovy Engraulis anchoita and the Brazilian sardine Sardinella brasiliensis (Matsuura et al., 1992) . Cladocerans are fundamental diet items of both fish genera, as found in the Argentine Sea for E. anchoita (Capitanio et al., 2005) and in the northwest Mediterranean for Sardinella aurita larvae (Morote et al., 2008) . Additional investigations are needed to understand whether low podonid abundances observed at certain times of the year off Ubatuba are related to predation pressure by chaetognaths and fish. Although some abundance peaks followed an increase in Chl a, we did not detect a correlation between podonid abundance and Chl a content, as reported for other coastal regions such as the South China Sea (Tang et al., 1995) . Podonids are omnivorous (Kleppel et al., 1988) , raptorial feeders (Nival and Ravera, 1979; Jagger et al., 1988) and may prey on both heterotrophic and autotrophic nanoplankton and microplankton of a wide size range (Jagger et al., 1988; Kim et al., 1989; Katechakis and Stibor, 2004) . 
Morphological anomaly
Among the 954 specimens of E. spinifera analyzed, one exhibited a morphological change, with a much larger terminal spine than in a normal individual. In freshwater cladocerans and rotifers, polymorphism in the defensive spine gives an advantage against predation pressure (Gilbert and Stemberger, 1984; Havel and Dodson, 1984) . This morphological defense is induced by predator kairomones (Lass and Spaak, 2003) and turbulence (Laforsch and Tollrian, 2004) . However, because cyclomorphosis has not been reported for E. spinifera, we speculate that this morphological anomaly is a result of low gene flow because of parthenogenesis, as the probability of mutation is higher in asexual than in sexual reproduction (Kondrashov, 1988) .
Reproductive biology
Generally, podonid body length varies seasonally and geographically, mostly because of differences in water temperature (Yoo and Kim, 1987; Tang et al., 1995) . Off Ubatuba, the range of podonid body length was similar to or larger than reported elsewhere for the same species (Onbé, 1978 (Onbé, , 1983 Yoo and Kim, 1987; Tang et al., 1995) , except for P. intermedius and P. schmackeri. The mean body length of P. intermedius was much larger in the cold waters of the Clyde Sea, Scotland (Cheng, 1947) , than in Ubatuba. The body length range of P. schmackeri was smaller than that observed in the northwestern Pacific, where it varied widely, from 340 to 650 mm (Kim and Onbé, 1989a) . In Argentine waters, the body length of E. nordmanni and P. intermedius decreased toward the period of their disappearance from the plankton (Ramirez and Perez Seijas, 1985) . Conversely, in Chinhae Bay, P. tergestina had a larger body length before its disappearance from the pelagic environment (Yoo and Kim, 1987) . In our study, no clear seasonal variation in body length was observed; however, the mean body length of podonids was smaller during abundance maxima, because of the contribution of younger individuals to the abundance peaks.
Brood size is positively correlated with body length and food concentration, being generally higher during the initial phases of population growth (Egloff et al., 1997) . We noticed a weak positive correlation between body length and brood size for most species. A positive correlation between body length and brood size was observed in the Clyde Sea for E. nordmanni and P. intermedius (Cheng, 1947) , and in Guanabara Bay for P. tergestina (Marazzo and Valentin, 2004b) . In the South China Sea, there was no correlation between these variables for P. tergestina and P. schmackeri (Tang et al., 1995) . We observed a brood size reduction as the embryos developed, as detected for E. nordmanni and P. intermedius in the Argentine Sea (Ramirez and Perez Seijas, 1985) , and for P. avirostris in the Catalan Sea (Atienza et al., 2008) ; this phenomenon is caused by embryo abortion (Egloff et al., 1997) . The brood size of podonids from Ubatuba was comparable with those from other regions (Onbé, 1983; Kim and Onbé, 1989b; Mullin and Onbé, 1992) , aside from Chesapeake (Bryan, 1979) and Guanabara bays (Marazzo and Valentin, 2003, 2004b) , where P. tergestina and P. polyphemoides brood sizes were much higher. The higher fecundity observed in these bays is probably related to high food availability, as suggested for P. schmackeri in the northwestern Pacific (Kim and Onbé, 1989a) . Cladoceran sexual reproduction is induced by a combination of environmental cues (Egloff et al., 1997; Gyllström and Hansson, 2004) . We observed gamogenesis only for P. intermedius and P. polyphemoides. Podon intermedius occurred seasonally, from late spring to late summer, in association with cold, intruded waters. In early autumn, when SACW bottom intrusions decrease in frequency, environmental conditions change [e.g. salinity and Chl a concentration (Miyashita et al., 2010) ], which may have led to sexual reproduction in P. intermedius. As in temperate regions, P. intermedius may reproduce sexually to assure population maintenance through resting eggs, until the SACW penetrates again. Pleopis polyphemoides is normally an estuarine species (Onbé, 1983 (Onbé, , 1999 . It was probably transported offshore toward our fixed station during SACW intrusions, when coastal surface water moves offshore via Ekman transport (Castro and Miranda, 1998) . In neritic waters, this species experienced unfavorable conditions (higher salinity and lower temperature) compared with areas closer to the shore, which might have triggered sexual reproduction. In the Chesapeake Bay, temperatures lower than 178C induce the appearance of gamogenetic specimens in P. polyphemoides (Bosch and Taylor, 1973) .
Gamogenetic specimens usually represent a small fraction of the population (Egloff et al., 1997; Miyashita et al., 2010) , but there are exceptions. For instance, in the Inland Sea of Japan, gamogenetic individuals of P. tergestina comprised between 3% and 23% of the population (Onbé, 1978) , whereas in Guanabara Bay, they exceeded 70% on some occasions (Marazzo and Valentin, 2004a) . For P. polyphemoides, this number varied from ,10% in Chesapeake Bay (Bosch and Taylor, 1973) to 63% in Guanabara Bay . Males were absent off Ubatuba, but they probably occurred in low abundances, because we observed gamogenetic females of P. polyphemoides and P. intermedius. Gamogenetic forms of P. tergestina, E. spinifera and P. schmackeri did not occur in our study, an indication that these species propagate through parthenogenesis during most of the year in this subtropical environment. Thus, we confirmed that low abundances of gamogenetic specimens are a common trend in tropical and subtropical unpolluted coastal waters.
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